We present new constraints on Lorentz symmetry (LS) violations with lunar laser ranging (LLR). Those constraints are derived in the standard-model extension (SME) framework aiming at parameterizing any LS deviations in all sectors of physics. We restrict ourself to two sectors namely the pure gravitational sector of the minimal SME and the gravity-matter coupling. We describe the adopted method and compare our results to previous analysis based on theoretical grounds. This work constitutes the first direct experimental determination of the SME coefficients using LLR measurements.
Introduction
General relativity (GR) and the standard-model of particle physics provide a comprehensive description of nature. On one hand, GR describes gravitational effects as the classical consequence of space-time curvature by its energy content. On the other hand, the standard-model of particles describes all other non-gravitational forces by the quantum exchange of subatomic particles. They both assume a unique symmetry of space-time known as the Lorentz-symmetry (LS). A formulation of a quantum theory of gravity would be useful at the Planck era or for the study of black hole's singularities where quantum effects are supposed to become relevant. In many scenarios such a new physics would be expected to break some fundamental symmetry of space-time like the LS. An effective field theory built to consider all hypothetical LS violations in all sectors of physics is an efficient tool 2 to classify and enumerate LS breaking. This effective field theory is currently known as the standard-model extension (SME) framework and proposes many parametrization of LS violations in many sectors 3 . In that work, we focused on two sectors namely the pure gravitational sector 4 and the classical point-mass limit in the matter sector 5 of the SME. The main idea is to constrain the SME coefficients by analyzing lunar laser ranging (LLR) observations. In the literature, there already exist some evaluation of the SME coefficients in the pure gravitational sector using LLR observations 6 , however, it is based on theoretical grounds. Unfortunately, analysis based on theoretical grounds has been shown to be not fully satisfactory 7, 8 and to provide overoptimistic uncertainties. In order to provide real constraints, we have determined SME coefficient estimates directly from experimental measurements by performing a global LLR data processing directly in the SME framework 8 . To account for the effect of LS breaking upon the orbital motion of the Moon we have built a new lunar ephemeris namedéphéméride lunaire parisienne numérique (ELPN) computed directly in the SME framework. It integrates numerically the differential equations describing the orbital and the rotational motion of the Moon by taking into account all the theoretical effects producing a signal larger than the millimeter over the Earth-Moon distance a .
In section 2 and 3, we describe respectively the solution obtained with ELPN in pure GR and in the SME framework. Finally, in section 4 we discuss the method used to provide real constraints on the SME coefficients and we present new results obtained in both the pure gravitational sector of the minimal SME and the classical point-mass limit in the matter sector.
Data analysis in pure general relativity
Analysis in the pure GR is a mandatory step which must be seen as a validation step to ensure that our ELPN solution produces residuals with a dispersion similar to the one currently obtained with other planetary and lunar ephemerides as DE430 9 or INPOP13 10 . To ensure that the precision of ELPN is at the same level of accuracy than other ephemerides, we have implemented the exact same equations of motion as in DE430 b . After integration, a direct comparison of ELPN predicted Earth-Moon distance with the one predicted by DE430 shows a maximum difference remaining below 4 cm during the time span of LLR observations. However, the true precision of our solution can only be determined after a fitting process to true LLR data by looking at the dispersion of the residuals. The residuals are obtained (i) by changing ELPN orbital predictions into observables i.e. into a prediction of the round trip light time at the date of each LLR normal points and (ii) by computing the difference between the observed light time and the computed one. The step (i) is achieved thanks to the 2010 international Earth rotation system conventions 11 . The basic procedure for building the ELPN solution in pure GR can be described as follow. First, the physical parameters and the initial conditions are taken from DE430 to perform the first numerical integration. Then, the independent solution ELPN is built at the end of an iterative process consisting of adjusting 59 parameters c to the LLR normal points and reintegrating the solution with the new set of constants. During this process 24022 normal points are considered spanning 48 years of LLR observations from August 1969 to December 2016. Among these normal points, we have considered 1337 observations in infrared wavelength obtained at Grasse LLR station in France. The final residuals obtained per LLR stations are shown in Fig. 1 . For the most recent observations (after 2006) the dispersion of the residuals is found to be 2.8 cm for Apache-point observatory in New Mexico (United states) with no offset on the mean, and respectively 2.4 cm and 2.2 cm for the Grasse station respectively in green and infrared wavelength. For these two last ones the mean of the dispersion is found to be respectively null and equals to -1.5 cm. This offset for the infrared wavelength has not yet been fully investigated and may correspond to (i) a bad position of the Grasse station in the international terrestrial reference frame for the LLR time span (non-constant tectonic drift), or (ii) a bad modeling for the tropospheric time delay correction in infrared wavelength, or (iii) a bad experimental calibration for that wavelength. The proposition (i) seems to be the most likely, but a more rigorous investigation is mandatory. Nevertheless, a comparison of those dispersions with the one obtained e.g. with INPOP13b 12 (see Tabs. 15 and 16) shows that our residuals are typically of the same order of magnitude and even better for the most recent observations. This lunar ephemeris obtained in pure GR will be used as a starting point for considering violations of LS in order to provide real constraints on GR violations. 
Data analysis in the standard-model extension framework
The most important difference between ELPN and DE430 or INPOP13 are the Lorentz violating contributions which are implemented in ELPN. The Lorentz violating terms are considered in two different parts of the modeling: (i) the orbital part, (ii) the gravitational delay for the light propagation. Each of these contributions can be split into two parts. The first one, which has already been discussed in a previous paper 8 comes from the pure gravitational sector of the minimal SME and is produced by LS violations at the level of the field equations. The second one comes from the classical point-mass limit in the matter sector of the SME framework and leads to violations at the level of the Einstein equivalence principle (EEP). The LS violations on the orbital motion of the Moon is characterized by supplementary accelerations computed in Eqs. (104) and (177) of respectively 4 and 5 . On the other hand, we have also considered the impact of LS violations on the gravitational time delay for light propagation computed by Eqs. (24) and (203) from respectively 13 and 5 . Starting from the ELPN solution computed in pure GR (cf. Sec. 2), we have have produced a new ephemeris by fitting the SME coefficients in addition to the same parameters as considered previously. Some correlations between SME coefficients are very high meaning that the LLR data does not allow to estimate all the SME coefficients independently but only some combinations of them. An iterative investigation of partial derivatives let to assess the 6 most sensitive following independent linear combinations
Interestingly, previous work based on theoretical grounds 14 has also shown that LLR is sensitive to 6 linear combinations of the fundamental SME coefficients. Nevertheless, a look at Eqs. (1) shows that the extension to the matter sector only change 2 linear combinations compared to previous global LLR data analysis 8 in the pure gravitational sector of the minimal SME. On the opposite, theoretical work 14 expects the modification of 4 linear combinations. This determination of the linear combinations that can be constrained by direct experimental measurements highlights the limit of analyzes that rely on theoretical grounds and the need to consider a full reduction of the raw data within the SME formalism. (−6.6 ± 9.4) × 10 −9 
Constraints on the SME coefficients
The SME coefficients which can be constrained with LLR data are given by Eqs. (1) . An adjustment of these coefficients together with the other global parameters provide an estimate of the SME coefficients as well as their statistical marginalized uncertainties. Unlike constraints derived from a postfit analysis, these uncertainties take into account the correlations with the other global parameters. However, considering subsets of our dataset reveals that the estimates of the SME coefficients depend highly on the LLR stations or retroreflectors. This is interpreted as systematics effects in our analysis which have been quantified by using a jackknife resampling method as discussed in 8 . The final estimates of SME coefficients including both statistical and systematics uncertainties are shown in Tab. 1.
Conclusion
Our results do not show any deviations from GR at the 68% confidence level. In addition, they constitute the first real constraints from a direct experimental measurement with LLR data in both the pure gravitational sector of the minimal SME and the classical point-mass limit in the matter sector. LLR data should be analyzed with other measurements in order to provide estimates for each individual SME coefficients 14 .
